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In this article, we aim to decipher the effect of ﬁre on the changes in the forest composition during the
past ca. 10,700 years in the lower montane zone of the Polish Western Carpathians (Beskid Makowski
Mountains, Central Europe). The results revealed that during the Early Holocene, the Ulmus population (a
ﬁre-intolerant taxon) was well-established under high ﬁre activity, induced by the prominent presence
of Pinus sylvestris. Ulmus probably was only slightly affected by ﬁre because it occurred in wetter habitats,
whereas P. sylvestris occupied drier ones. The ﬁnal disruption of Pinus sylvestriseBetula woodlands were
linked to a declining trend in ﬁre activity but stable ﬁre frequency, combined with the rapid expansion of
Corylus avellana at ca. 9680 cal. BP. A low magnitude of ﬁre disturbance with an increasing ﬁre frequency
supported the expansion of Tilia cordata (a ﬁre-sensitive species) and C. avellana (a ﬁre-adapted species)
against Picea abies during ca. 7650e7270 cal. BP. Cooler and wetter conditions during the 4.2 and 2.8 ka.
BP climatic events probably forced humans to migrate to higher altitudes, which contributed to ﬁre-
induced deforestation of a small area, which in turn, together with climatic changes, stimulated the
expansion of Abies alba and Fagus sylvatica (both are ﬁre-intolerant taxa). The discontinuities in the
deposits of mire might be related to the global climatic changes of the 8.2 and 4.2 ka. BP events and
extended deforestations linked to the Wallachian colonisation during the Middle Ages. Such depositional
gaps, when remaining undetected during palaeoecological studies, may distort the reconstruction pro-
cess of ﬁreevegetation relationships. In this study, we unequivocally show that small disturbances in ﬁre
may be an advantageous factor for the expansion of tree taxa devoid of morphologicalephysiological ﬁre
traits.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Worldwide, ﬁre is a crucial component of many natural eco-
systems and biogeochemical cycles (Randerson et al., 2006;.
Ltd. This is an open access article uArchibald et al., 2013), which is closely linked to the climate
(Daniau et al., 2012; Marlon et al., 2013), serving as an important
tool for human-induced land cover changes across the globe
(Bowman et al., 2011; Vanniere et al., 2016; Dietze et al., 2018;
Feurdean et al., 2019). The understanding of past trajectories of
changes in ﬁre regime and their variability, supported by the
palaeoecological data, is the key to ﬁnding proper strategies related
to forest management, conservation of forest ecosystem, andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2018; Słowinski et al., 2019). Hence, in the last few decades, there
has been an increase in the interest in palaeoecological studies on
past ﬁre regimes (Conedera et al., 2009; Marlon et al., 2013).
However, the data on palaeoﬁres are not equally distributed; hence,
various areas of the world remain underexplored (https://www.
paleoﬁre.org/index.php).
Burning of biomass delays competitive exclusion, increases
landscape heterogeneity, and generates new ecological niches;
thus, it may contribute to maintenance or increase in the biodi-
versity (Pausas and Ribeiro, 2017). Mountainous areas are habitats
with great biodiversity that is linked to steep altitudinal gradients,
topographical complexity, and other mosaic elements of the envi-
ronment, including the availability of bedrock and nutrients, hu-
midity, and persistence of snow cover (Mraz and Ronikier, 2016 and
references therein). Therefore, reconstructing past ﬁre regimes
seems to be crucial for understanding the long-term functioning of
habitat and consequently its biodiversity. In this study, we focus on
the Carpathians, the largest mountain range in Central-Eastern
Europe (and the second largest in Europe), covering more than
2 km in the altitudinal gradient. Despite the fact that the re-
searchers are greatly interested in studying this mountain range
(Mraz and Ronikier, 2016), vast areas, such as the Western Carpa-
thians, still needs to be studied in regard to past ﬁre regimes.
Studies lack especially combined analyses of micro- and macro-
charcoal from contiguous sampling. Nonetheless, research has been
conducted on the adjacent mountain ranges, e.g. Novohradske
Mountains (Bobek et al., 2018a), Sumava Mountains (Carter et al.,
2018), Bohemian Switzerland (Bobek et al., 2018b), Transylvanian
Plain (Feurdean et al., 2013), Rodna Mountains (Feurdean et al.,
2017b), and Retezat Mountains (Finsinger et al., 2018) (Fig. 1).
Moreover, review studies based on different types of charcoal data
have been published with respect to the Romanian and Hungarian
part of the Carpathians (Feurdean et al., 2012) and adjacent areas in
Czech Republic (Bobek et al., 2019). At the same time, the Western
Carpathians are well recognised in terms of patterns of changes in
the vegetation during the postglacial period (Obidowicz, 2013a,b;
Jamrichova et al., 2017). Hence, any study on past ﬁre regimewouldFig. 1. Location of the Bogdanowka-Beło (B-B) site. A e B-B site location in Central Europe,
was carried out in the Carpathians and adjacent areas: 1 e Bogdanowka-Beło, Beskid Mak
2018b), 3 e Lake Prasilske (Carter et al., 2018); 4 e Zofín, Novohradske Mountains (Bobek
Brazi and Lake Lia (Finsinger et al., 2018), 7 e Taul Muced and Poiana S¸tiol (Feurdean et al., 20
C e View on the fen (with a coring site; photo by W. Margielewski) (from Kołaczek et al.,be desired to broaden the knowledge about the long-term forest
functioning and to support conservation activities in this area.
In this study, we focus on a lower montane forest zone in the
northern part (Polish) of the Western Carpathians, which is a
habitat mainly for Abies albaeFagus sylvatica forests with an
admixture of Picea abies (Dentario glandulosaeeFagetum and Abie-
tiePiceetum association). However, as a result of silvicultural
practices, P. abies monocultures were introduced in many areas of
this zone (Szwagrzyk and Holeksa, 2004; Mirek, 2013). In the Polish
part of the Western Carpathians, only ca. 6% of all the areas are
overgrown by forests characterised by the primaeval character and
are protected by law (Denisiuk, 1995; Denisiuk et al., 1993). How-
ever, ca. 50% of all such protected forests belong to the
D. glandulosaeeFagetum alliance (Korpel’, 1995; Skrzydłowski,
2019). During the last millennium, the forests of the Western Car-
pathians were affected by immense human activities in which
forest clearance with the use of ﬁre was a common practice leading
to major degradation of the forests (Sadowski, 2003; Jawor,
2016a,b). Hence, understanding the long-term functioning of
vegetation and ﬁre, especially before the period of acceleration of
the human activity, in the lower montane zone, seems to be crucial
to plan future conservation activities.
The primary aim of this study was to decipher the effect of ﬁre
disturbances on the changes in the forest composition during the
past ca. 10,700 years. We also paid attention to the effect of impact
of human, herbivore, pathogens, and climatic disturbance factors
on the forest development. This period was chosen because it spans
each of the most characteristic turnovers of forest composition,
which took place in the lower montane zone in the Polish Western
Carpathians (cf. Margielewski, 2006; Obidowicz, 2013b). The ﬁre-
tolerance of arboreal taxa inhabiting temperate woods is well
recognised by palaeoecological (e.g. Tinner et al., 2000; Feurdean
et al., 2017a; Carter et al., 2018) as well as modern ecological
studies (e.g. https://www.feis-crs.org/feis/ and references therein).
However, there are cases in which traces of ﬁre poorly explain the
specieseﬁre relationship. For example, ﬁre may promote the
expansion of particular wood taxa that are devoid of ﬁre adjust-
ments e.g. F. sylvatica (Bradshaw and Lindbladh, 2005; Ascoli et al.,the numbers express sites in which macrocharcoal analysis from contiguous sampling
owski Mountains (this study), 2 e Eustach bog, Bohemian Switzerland (Bobek et al.,
et al., 2018a), 5 e Lake Stiucii, Transylvanian Plains (Feurdean et al., 2013), 6 e Lake
17a,b); B eMorphological position of the fen on the LIDAR-derived topographical map.
2017, modiﬁed).
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have promoted the spread of ﬁre-intolerant taxa during the periods
of main forest transformations in the lower montane zone in the
Polish Western Carpathians. As the ﬁre activity is closely related to
the climate, we also assume that the events of global climate
change (e.g. Bond et al., 1997, 2001; Mayewski et al., 2004; Wanner
et al., 2011) may have driven the occurrence of ﬁre (Florescu et al.,
2019) and inﬂuenced the main Holocene transformations of the
forest. To solve this problem for the ﬁrst time in the Polish Western
Carpathians, we analysed together pollen, non-pollen paly-
nomorphs (NPPs) (fungal tree pathogens and coprophilous fungi),
plant macrofossil, and micro- and macrocharcoal from the sedi-
ment samples. The latter analysis was a basis for the ﬁrst quanti-
tative reconstruction of ﬁres in the Polish Carpathians and the
second from the area of Poland (cf. Marcisz et al., 2019).
2. Site area
The study area (Bogdanowka-Beło, B-B) is located in a fen
developed in the landslide depression situated in the Bogdanowka
village (southern Poland), on the southern slopes of the Mount
Koskowa Gora (Beskid Makowski Mountains, Polish Outer Carpa-
thians; Fig. 1) at an altitude of 675 m a.s.l. The landslide originated
within the thick-bedded Magura Sandstones (composed mainly of
quartz grains with glauconite and cemented with clayey-siliceous
material) in the head area of the valley of the Bogdanowka
Stream, which ﬂows into Krzczonowka Stream, the right tributary
of the Raba River. Nowadays, the landslide depression, located in
the lower part of a landslide zone, which is transformed by multi-
stage landslides, is framed by a steep scarp and colluvial swell
(Fig. 1). The depression is undrained (without a superﬁcial outﬂow)
and recharged by a periodic stream that forms after downpours or
continuous rains. The minerogenic mire that formed in the
depression covers an area of ca. 0.3 ha (Fig. 1; Margielewski, 2006).
The mean year temperature is ca. 5.7 C (Bogdanowka; https://
pl.climate-data.org/) with cold and rainy springs. The local
climate, despite being characterised by frequent rains, is drier in
comparison with the adjacent areas, due to its location within the
rain shadow (Lis and Stanczuk, 2008). Themean temperature of the
warmest month (July) is 15.3 C, whereas that of the coldest month
(January) is 5.2 C. The annual precipitation is 970 mm (Bog-
danowka; https://pl.climate-data.org/), and the highest rainfall
occurs in the area of theMount Koskowa Gora and the Bogdanowka
village. The growing season in valleys lasts for 200e210 days (Lis
and Stanczuk, 2008).
The surface of the mire, which is stabilised by a minerogenic
layer that covers organic deposits, is an open area, overgrown by
fresh meadow communities (Fig. 1). The local mixed forests are
typical of the modern lower mountainous forest belt (550e870 m
a.s.l.) and consist of beech (F. sylvatica) and silver ﬁr (A. alba) with
an admixture of Norway spruce (P. abies), whereas damp sites along
the streams are overgrown by alder forests with Alnus glutinosa and
Alnus incana and tall-herb groundcover communities (Mirek, 2013).
Nowadays, forest stands in the Tokarnia municipality (the admin-
istrative unit within which the B-B site is located) mainly consist of
A. alba (ca. 60%), F. sylvatica, and Pinus sylvestris (Lis and Stanczuk,
2008).
The historical sources reveal that the area of Mount Koskowa
Gora and the Krzczonowka Stream catchment was gradually
inhabited from the 14th to 16th century AD (550e350 cal. BP) as
reﬂected by the onset of villages: (i) Tokarnia (AD 1455, 495 cal. BP),
(ii) Bienkowka (AD 1537, 413 cal. BP), and (iii) Bogdanowka (AD
1650, 300 cal. BP) (Sadowski, 2003). Even though the area of the
Bogdanowka site surroundings was probably situated north of the
main area of the Wallachian settlement (Jawor, 2016a,b), theirpresence was mentioned at AD 1473 (477 cal. BP; Sadowski, 2003).
In the past, the local presence of the Wallachian shepherds within
the Mount Koskowa Gora was marked in the local geographical
nomenclature originated from their language (Krukar, 2004). There
was a substantial reduction of sheep ﬂocks in the region, which
took place at the end of the 16th century AD (450e350 cal. BP) and
was linked to the development of wood-processing industries
(Sadowski, 2003).
3. Material and methods
3.1. Core retrieval, lithology, absolute chronology, and accumulation
rate
The core (B-BII/2014), 495 cm long, was retrieved from the
central part of the mire (Fig. 1) using the Russian-type sampler
(chamber dimension: 6 50 cm) from the area characterised by the
highest thickness of sediments (ca. 520 cm in total, according to
Margielewski, 2006; 4945.2520N; 1947.6610E) in November 2014.
As the multi-proxy study on peat core fragment (495e400 cm) was
already published (Kołaczek et al., 2017), in this study, the section
between the depths of 400e0 cm was the subject of analysis. The
bottom part of the deposits (495e390 m) is composed of mineral
sediments (mainly sandy clayey silt with an admixture of organic
matter at the top). The fen deposits were accumulated as peat
intercalated with layers of mineral sediments (silty sand
283e261 cm) (Fig. 2, Table 1). Mineral cover (sandy clayey silt;
55 cm thick), was formed upon the peat sequence (Table 1, see also
Margielewski, 2006).
The Bayesian age-depth model was constructed to determine
the absolute chronology for the entire proﬁle based on 24 out of 26
14C AMS dates (Table 2). The measurements of 14C content were
carried out at the Poznan Radiocarbon Laboratory (Poland)
(Table 2). The age-depthmodel was constructed using the OxCal 4.3
software (Bronk Ramsey, 1995) and by applying the P_Sequence
function with the following parameters: k0 ¼ 0.8, log10(k/k0) ¼ 1
and interpolation ¼ 0.5 cm (Bronk Ramsey, 2008; Bronk Ramsey
and Lee, 2013). The IntCal13 14C atmospheric curve was used as
the calibration set (Reimer et al., 2013). Two 14C dates (Poz-80166
and Poz-86394), which differ signiﬁcantly from neighbouring dates
(younger of ca. 840e1050 14C years), were excluded prior to the
modelling. The age-depth model was constructed separately for
two sections (500e55 cm and 55e0 cm) due to a signiﬁcant change
in the type of deposit at a depth of 55 cm (transition between peat
and sandy clayey silt). To restrict the artiﬁcial decline of age in the
350.5e330.5 cm section, where the fragment of wood was found
(probably a single-age piece), the date from this wood was used
three times in the model for depths of 350.5, 340.5, and 330.5 cm.
The sections of the proﬁle with potential changes in the accumu-
lation rate of deposits (ARdeposits) were introduced to the model as
boundaries (Boundary command). In the model, for the section of
depth 495e55 cm, the boundaries were placed at the following
depths: (i) 495 cmdthe bottom of the model, (ii) 390 cmdsandy
clayey silt to peat transition, (iii) 351 cmdbottom of the wood
fragment, (iv) 330 cmdtop of the wood fragment, (v)
285 cmdbottom of the silty sand horizon, (vi) 261 cmdtop of the
silty sand horizon, (vii) 200 cmdbottom of the layer of brown
decomposed peat, (viii) 81 cmdtop of the layer of brown decom-
posed peat, and (ix) 55 cmdpeat to sandy clayey silt transition. In
the section of 55e0 cm, the boundaries were placed at the bottom
and at the top of this section of the proﬁle.
For better readability, in the following sections of this article, m
value is rounded to tens and was selected as the one reﬂecting the
modelled age, which was expressed as cal. BP (a year before AD
1950). The ARdeposits was calculated by the OxCal 4.3 software
Fig. 2. Bayesian age-depth model and accumulation rate. For detailed lithology see Table 1.
P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 1061374(Bronk Ramsey, 1995) and presented in the unit: cm yr1.3.2. Pollen, non-pollen palynomorphs, and micro- and
macrocharcoal
A total of 122 samples (1 cm3 in volume) were prepared for
palynological analysis using the standard laboratory procedures
(Berglund and Ralska-Jasiewiczowa, 1986). To remove the mineral
fraction, samples were treated with 10% hydrochloric acid (to
dissolve carbonates), heated in 10% potassium hydroxide (to
remove humic compounds), and ﬁnally soaked in 40% hydroﬂuoric
acid for 24 h (to remove the mineral fraction). Next, acetolysis was
performed. Two Lycopodium tablets (Batch 3862 containing 9666spores per tablet; produced by the Lund University) were added to
each sample for the calculation of microfossil concentration during
the laboratory procedures (Stockmarr, 1971). Pollen, spores, and the
selected non-pollen palynomorphs (NPPs) were counted under an
upright microscope until the number of total pollen sum (TPS)
grains in each sample reached at least 500. Sporomorphs were
identiﬁed with the assistance of atlases and keys (Moore et al.,
1991; Beug, 2004; van Geel and Aptroot, 2006). The results of the
palynological analysis were expressed as percentages and accu-
mulation rates (selected taxa). Percentages of pollen grains, spores,
and NPPs were calculated on the basis of the ratio of an individual
taxon to the TPS, i.e., the sum of arboreal pollen (AP) and non-
arboreal pollen (NAP) and by excluding aquatic and wetland
Table 1
Lithology of the B-BII/2014 proﬁle.
Depth [cm] Description of deposits
55e0 Sandy clayey silt, creamy yellow
81e55 Decomposed peat, dark grey
200e81 Decomposed peat, brown
233e200 Decomposed peat, brown-yellow, at depths of 217e219 cm and 229e231 cm, fragments of wood were detected
236e233 Silt, grey
250e236 Detrital peat characterised by distinct number of Sphagnum remains
261e250 Detrital peat characterised by distinct amount of matrix
283e261 Silty sand, brown-grey
326e283 Decomposed peat, beige-brown, wood fragment at a depth of 290e300 cm
350e326 Wood fragment
382e350 Detrital peat, brown
383e282 Silt, grey
390e383 Decomposed peat, brown-grey
391e390 Silt, grey
394e391 Decomposed peat, brown
397e394 Peat-silt layers
495e397 Sandy clayey silt, grey-beige, grey-rose
P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 106137 5plants and by including Cyperaceae, cryptogams, and fungi. In this
study, we selected only pollen of terrestrial plants and two aquatic
and amphibious plants (Callitriche palustris t. and Potamogeton
subgen. Eupotamogeton; hereafter subgen.¼ subgenus, t.¼ type) as
the taxa indicative of the period of increased level of water table.
Microscopic charcoal particles (hereafter ch. p.¼ charcoal particles)
(diameter: 10e100 mm) were counted from the same slides as
pollen and NPPs (Tinner and Hu, 2003).
For macroscopic charcoal analysis, a total of 400 1 cm3 contig-
uous samples of deposits (each representing 1 cm slice of the
proﬁle) were prepared according to the standard procedures
(Whitlock and Larsen, 2001; Conedera et al., 2009). Charcoal par-
ticles were counted in two fractions, 100e500 mm and >500 mm,
under a stereomicroscope with 40 magniﬁcation. The pollen
accumulation rate (PARtaxon; measured as grains cm2 yr1) and
microscopic and macroscopic charcoal accumulation rate (CHAR-
micro and CHARmacro) were calculated on the basis of the formula
proposed by Davis and Deevey (1964) i.e. PARtaxon, CHARmicro, and
CHARmacro ¼ Ct  ARdeposits, in which Ct is the concentration of
sporomorph taxon or ch. p. (unit: grains or particles cm3) and
ARdeposits is the accumulation rate of deposits.
3.3. Plant macrofossils
A total of 400 1-cm thick slices of the proﬁle (10e14 cm3) were
investigated, which were continuously sampled. Each of the sam-
ples was gently washed and wet-sieved through 0.2 mm mesh
screen under the stream of warm water. The carpological and
vegetative remains (fruits, seeds, leaves, and epidermis) were
identiﬁed using keys and atlases (e.g., Grosse-Brauckmann, 1974;
Tobolski, 2000) under a stereomicroscope. Data are presented as
the absolute number of a particular macrofossil. For the purposes of
this article, only the arboreal taxa were selected (Fig. 3).
3.4. Statistical analyses and data presentation
All statistical analyses were conducted on the 399.5e55 cm
section to avoid possible biases. The topmost layer (0e55 cm) was
characterised by a tentative chronology (two dates from the 14C
plateau; Table 2), extremely high concentration of micro- and
macrocharcoal, in comparison with other sections of the proﬁle,
and overrepresentation of herb pollen (see section 4 Results and
interpretation).
To identify the features of ﬁre regimes, we applied peak recog-
nition approach by assuming that the likelihood of identifying localﬁres increases with an increasing value of CHARmacro (Conedera
et al., 2009). The reconstruction of statistically signiﬁcant ﬁre
peaks per episode and ﬁre frequency was performed using
contiguously analysed CHARmacro record in CharAnalysis (Higuera
et al., 2009, 2010). The inferred ﬁre frequencies (IFFs; ﬁre epi-
sodes 1000 yrs1) were calculated and smoothed using a lowess
smoother and a 1000-year window. Due to the lack of macro-
charcoal in long sections of the proﬁle, it was not possible to
calculate a ﬁre return interval (FRI).
To describe the relationships between the dominant forest
arboreal taxa, the selected shrubs, as well as the NAP sum and
changes in the ﬁre activity (CHARmicro, the same sampling resolu-
tion as the pollen) at the Bogdanowka site, we used the Generalized
Additive Model (GAM; Hastie and Tibshirani, 1986). For GAM
calculation the mgcv (Wood, 2006) package in R software (R
Development Core Team, 2014) was used. GAM is a semi-
parametric extension of the generalized linear model that uses a
link function to establish a relationship between the mean
response variable (i.e. the dependent variable; percentages and PAR
of the selected taxa) and a smoothed predictor variable(s) (i.e. the
independent variable; CHARmicro) (Carter et al., 2018). The default
setting for GAMs, Gaussian error distribution and an identity link
function were used in this study.
To identify critical values of ﬁre activity (CHARmicro) that might
have caused changes in the vegetation (palynological data
expressed as percentages), we used the method of Threshold In-
dicator Taxa ANalysis (TITAN) to reveal sharp, non-linear transi-
tions in the entire community data (Baker and King, 2010). Brieﬂy,
TITAN identiﬁed the optimum changing point of taxa abundance
along the CHARmicro gradient using bootstrapping and permutation
tests to assess the uncertainty of every changing point (Baker and
King, 2010). TITAN detects changes in the distribution of taxa
(species that increase (normalized zþ scores) or decrease
(normalized z scores) in abundance) along a gradient and as-
sesses the synchronicity among responses by species as evidence
for community thresholds. The quality and estimation of the critical
tipping point area in a plant community were tested using 1000
permutations and 150 bootstrap replicates (resampling with
replacement) using the TITAN2 R package (Baker and King, 2010) in
R software (R Development Core Team, 2014).
The correspondence between the selected, most frequent,
arboreal taxa pollen, Pteridium aquilinum, and environmental var-
iables were veriﬁed using Non-metric Multidimensional Scaling
(NMDS). These variables were as follows: (i) CHARmicro reﬂecting
regional ﬁres, (ii) cultivated landdsum of pollen taxa indicating
Table 2
Radiocarbon dates from the B-BII/2014 proﬁle.
Sample depth (value in model)
[cm]
Laboratory code-
number
14C date [14C
BP]
Age [cal. BP] (2s
95.4%)
Dated material; remarks
10e11 (10.5) Poz-80747 240 ± 30 425e394 (5.7%)
319e269 (51.9%)
212e200 (1.3%)
189e147 (29.5%)
14 e modern (7.1%)
Charcoal
32e33 (32.5) Poz-80748 205 ± 30 305e265 (26.9%)
220e141 (50.1%)
24emodern (18.5%)
Charcoal
61e62 (61.5) Poz-80750 1530 ± 30 1523e1352 (95.4%) Fragments of Abies alba and Picea abies needles and Sphagnum stems
82e83 (82.5) Poz-80751 2010 ± 30 2041e2017 (4.2%)
2010e1885 (91.2%)
Fragments of A. alba needles
107e108 (107.5) Poz-80525 2270 ± 30 2349e2300 (49.3%)
2253e2159 (46.1%)
Fragments of A. alba needles
131e132 (131.5) Poz-80526 2955 ± 30 3209e3004 (95.4%) Fragments of P. abies needles
143e144 (143.5) Poz-86392 3230 ± 30 3557e3531 (8.2%)
3511e3381 (87.2%)
Fragments of P. abies and A. alba needles
156e157 (156.5) Poz-80527 4480 ± 35 5291e5035 (89.4%)
5010e4978 (6%)
Fragments of P. abies needles
178e179 (178.5) Poz-80528 4850 ± 35 5653e5578 (74.4%)
5530e5482 (21%)
Fragments of P. abies needles
203e204 (203.5) Poz-80173 5830 ± 35 6737e6539 (95.4%) Fragments of P. abies needles
236e237 (236.5) Poz-80172 6390 ± 35 7418e7264 (95.4%) Fragments of P. abies needles
264e265 (265.5) Poz-80170 6780 ± 40 7679e7577 (95.4%) Fragments of P. abies needles and two P. abies bud scales
282e283 (282.5) Poz-86393 8280 ± 40 9417e9134 (95.4%) Carex vesicaria fruits
290e291 (290.5) Poz-80169 8780 ± 50 10,128e10,062
(6.1%)
10,035e10,030
(0.2%)
10,009e9993 (0.9%)
9945e9581 (87.5%)
9574e9562 (0.7%)
Two Menyanthes trifoliata seeds, Rubus idaeus seed, Sambucus nigra seed, C.
vesicaria fruit
319e320 (319.5) Poz-80168 8810 ± 50 10,155e9983
(22.3%)
9966e9671 (73.1%)
Fragments of P. abies needles
350.5e330.5 (350.5, 340.5,
330.5)
Poz-86395 9330 ± 50 10,694e10,394
(95%)
10,312e10,305
(0.4%)
Wood fragment
353e354 (353.5) Poz-80166 8490 ± 50 9542e9438 (95.4%) Fragments of needles, two bud scales, and seed of P. abies; outlier
359e360 (359.5) Poz-86394 8380 ± 50 9500e9279 (95.4%) Fragments of P. abies needles; outlier
371e372 (371.5) Poz-80165 9430 ± 50 11,057e11,037
(1.1%)
10,990e10,981
(0.4%)
10,786e10,515
(93.9%)
Fragments of P. abies needles
Dates published by Kołaczek et al. (2017)
394e395 (394.5) Poz-80164 9470 ± 50 11070e10953
(16.7%)
10867e10846
(1.8%)
10821e10574 (77%)
Fragments of needles, two bud scales and seed of P. abies
406e407 (406.5) Poz-69333 9530 ± 50 11091e10685
(95.4%)
One needle of P. abies, three fruits of C. vesicaria and fruits of Scirpus sylvativus
425e426 (425) Poz-69332 9560 ± 50 11107e10711
(95.4%)
Fourteen bud scales, seed and needle of P. abies
447e448 (447.5) Poz-69331 9660 ± 50 11204e11061
(50.5%)
11032e10988
(4.4%)
10975e10786
(40.5%)
Seven bud scales, seed and two needles of P. abies
473e474 (473.5) Poz-69330 9590 ± 50 11145e10742
(95.4%)
Eleven bud scales and two seeds of P. abies, needle of Pinus sylvestris
483e484 (483.5) Poz-69329 9690 ± 60 11232e11063
(61.2%)
11030e10995
(2.8%)
10970e10788
(31.4%)
Six bud scales and needle of P. abies, needle of P. sylvestris, fruit of Betula sec.
Alba
493e494 (493.5) Poz-69328 9850 ± 50 11390e11376
(1.5%)
11362e11190
(93.9%)
Four bud scales, seed and needle of P. abies
P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 1061376
Fig. 3. Forest changes, human impact (pollen percentages) and ﬁre activity. Curves of lighter shades present values exaggerated 10 times. The dark grey bands represent zones with probable deposition gap(s).
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P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 1061378agricultural activity (pollen of Cerealia t., Secale cereale, Triticum t.,
and Centaurea cyanus), (iii) coprophilous fungi sumdas an indica-
tor of grazing activity by herbivores/omnivores and/or potential
human pastoral activity (HdV-55A Sordaria t., HdV-55B Sordar-
iaceae, HdV-113 Sporormiella sp., HdV-112 Cercophora sp., HdV-172
Coniochaeta lignaria, HdV-169 Apiosordaria sp., HdV-205, HdV-368
Podospora sp., HdV-261 Arnium t., HdV-262 Arnium imitans t., and
BRN-7), and (iv) Kretzschmaria deustadindicator of tree fungal in-
fections. Bray-Curtis dissimilarity was applied, and the appropriate
solution was identiﬁed by comparison of the ﬁnal stress quantities.
Statistically signiﬁcant (p < 0.05) environmental variables were
ﬁtted using envﬁt procedure with 999 permutations. Analyses were
performed using R software (R Development Core Team, 2014)
using vegan package (Oksanen et al., 2017).
All diagrams presenting pollen, NPPs, plant macrofossils,
CHARmicro, and CHARmacro (Figs. 3e7) were drawn using the TILIA
software (Grimm, 1992). Diagrams were arbitrarily divided into
phases based on the main AP taxa, particularly the trends of main
curves, and the phases were cross-validated by the CONISS
dendrogram (Grimm, 1987; Supplementary Data 1).
4. Results and interpretation
4.1. Absolute chronology and peat accumulation rate
The age-depth model was characterised by a reliable model
agreement index (Amodel ¼ 60.9%) (>60% is a recommended value
for the robustness of the model; Bronk Ramsey, 2008). The results
also showed that the fragment of the proﬁle dated only by 14C
method (400e55 cm) spans the period of ca.
10,730 ± 60e1280 ± 110 cal. BP. The s error of the modelled age
ranged between ca. 20e30 (ca. 7670e7639, 2350e2270, and
1950e1920 cal. BP) and 210e220 years (ca. 8778e8220 cal. BP). The
sections representing the period of 9500e7690 cal. BP
(0.01e0.011 cm yr1) and ca. 4940e3550 cal. BP (0.008e0.009 cm
yr1) demonstrated the lowest accumulation rate of deposits, inFig. 4. Herbaceous vegetation. Curves of lighter shades present values exaggerated 10 times.
e type, undiff. e undifferentiated.which probably sedimentary gap(s) occurred. The section repre-
senting the period of ca. 10,730e10,570 cal. BP (0.2e0.37 cm yr1)
demonstrated the highest accumulation rate. The age-depth model
also revealed that a potential sedimentary gap at a depth of 55 cm
reached ca. 900 cal years. The topmost 55 cm of the deposits spans
a period of 370e-64 cal. BP. The ARdeposits in the topmost 55 cm of
deposits ranged between 0.12 and 0.15 cm yr1. However, this value
is tentative because this layer might have originated during run-off
events and may represent discontinue deposition.
4.2. Forest vegetation and ﬁre history: pollen, plant macrofossils,
micro- and macrocharcoal
4.2.1. Phase I, PinuseBetulaeUlmus, ca. 10,730e9680 cal. BP
At the beginning of Phase I (subphase Ia: 10,730e10,610 cal. BP),
woodlands were dominated by P. sylvestris (pollen: 23e37%), Betula
(21e32%), Ulmus (18e28%), and P. abies (1.4e9%, 410e6130 grains
cm2 yr1, macrofossils; Fig. 3), and a constant expansion of the
latter species was observed. The presence of spruce macrofossils
might have been also a result of its occurrence on the surface of the
peatland. This time interval was characterised by high ﬁre activity,
proved by high values of CHARmicro (but a declining trend from
17,400 to 2800 ch. p. cm2 yr1) and CHARmacro. However, this
period witnessed one of the highest ﬁre frequencies in the entire
Holocene (4 events/1000 years; Fig. 7). About 10,610e10,030 cal. BP
(subphase Ib), Corylus avellana (pollen: 5.6e8.3%), Quercus
(0.8e4.5%), Alnus (0.7e2.6%), and Tilia cordata (type: 0.5e3.8%)
probably appeared in the woodlands (Huntley and Birks, 1983).
P. abies constantly expanded (from 9 to 30%), whereas Betula
distinctly declined simultaneously to a decrease in ﬁre activity.
Populus was an additional component. The period of
10,030e9680 cal. BP (subphase Ic) was characterised by the
continuous expansion of C. avellana (up to 19%) and T. cordata (type:
up to 10%), which might have contributed to the retreat of P. abies,
P. sylvestris, and Ulmus. Since ca. 9890 cal. BP, Fraxinus excelsior
probably started to expand (pollen >1%; Huntley and Birks, 1983).The dark grey bands represent zones with probable deposition gap(s). Abbreviations: t.
Fig. 5. Pollen accumulation rates versus ﬁre activity. Curves of lighter shades presents values exaggerated 10 times. The dark grey belts represents zones with probable deposition gap(s).
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Fig. 6. The population structure selected taxa in forest structure on the basis of percentage and PAR data (Huntley and Birks, 1983; Bj€orkman, 1996; Hicks and Sunnari, 2005; Eide et al., 2006; Pidek, 2017; Pidek et al., 2013). Threshold
values are presented in the brackets in the bottom section of the diagram. The dark grey bands represent zones with probable deposition gap(s). Abbreviation: gr. - grains.
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Fig. 7. Fire frequency and reconstructed signiﬁcant ﬁre events at the B-B site against regional environmental and climate change (Bond et al., 1997, 2001; Magny, 2004;
Margielewski, 2006; Mayewski et al., 2004; Wanner et al., 2011). Abbreviation: part. e particles.
P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 106137 114.2.2. Phase II, Corylus; ca. 9680e8730 cal. BP
During this period, C. avellana became dominant in local
woodlands, which contributed to the retreat of P. sylvestris and
Betula. From ca. 9300 cal. BP, C. avellana signiﬁcantly retreated
(from 49 to 33%). During this phase, P. abies and Ulmus declined,
whereas Alnus became more frequent. Cichoriaceae (0.6e4.8%)
became more frequent, which may indicate the presence of these
plants on the surface of peatland. This period was characterised by
very low ﬁre frequency (only 1 signiﬁcant ﬁre event/1000 years),
but this valuemight have been a result of a decreased accumulation
rate and/or the presence of depositional gaps in this section of the
proﬁle.4.2.3. Phase III, PiceaeCorylus; ca. 8730e4420 cal. BP
At the beginning of subphase IIIa (8730e7650 cal. BP), P. abies
expanded contributing to C. avellana retreat, but this species was
still important in the vicinity of the mire (24e28%). F. excelsior
became a regular component of the local forest; however, it
declined at the end of the subphase. During the period of ca.
7650e7270 cal. BP (subphase IIIb), T. cordata reached an optimum
(type: 8e25%) becoming codominant with F. excelsior and
C. avellana. Hedera helix and Acer became more frequent. All of this
was linked to the ﬂuctuations of P. abies, but its pollen accumula-
tion rates (PAR) values still indicated its dominance in the forest
(Fig. 6, Hicks and Sunnari, 2005). The declines of P. abies were
related to the increases in ﬁre activity visible in the values ofCHARmicro and CHARmacro, which were also seen as an increase in
the ﬁre frequency (Fig. 7). The forest gaps were entered by
P. aquilinum. Next period (subphase IIIc, 7270e5730 cal. BP) was
characterised by the dominance of P. abies. T. cordata and Ulmus
preliminary retreated and then stabilised their presence during the
subphase IIIc. This retreat was related to the ﬁrst Holocene
maximum of K. deusta simultaneous to increased ﬁre activity and
ﬁre frequency (up to 6 events/1000 years during the period of ca.
7430e6940 cal. BP, representing the highest recorded IFF in the
entire proﬁle). F. excelsior remained an important forest component
(Fig. 6). In the youngest subphase (IIId; ca. 5730e4420 cal. BP),
P. abies reached an optimum (up to 40%). Simultaneously F. sylvatica
(0.5e2.1%), and later A. alba (0e2.4%), probably became scattered
components of the forest. Macrofossils of the latter were identiﬁed
in the layer corresponding to ca. 5030 cal. BP; however, since ca.
4530 cal. BP it started to occur regularly. Together with the local
appearance of A. alba, the ﬁre activity was found to be slightly
increased, as the values of CHARmicro (ca. 5330e5070 cal. BP) show.
At the beginning of subphase IIId, the population of Ulmus and
F. excelsior declined and remained stable during this period. Salix
(0e16%) probably expanded in the area of the fen.4.2.4. Phase IV PiceaeAbies; ca. 4420e2690 cal. BP
A. alba expanded dynamically and formed forests with P. abies
(Fig. 6), which retreated from some of its habitats. Carpinus betulus
(0.6e2.7%) and F. sylvatica (1.7e4.6%) probably became stable forest
P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 10613712components (Huntley and Birks, 1983; Woods and Davis, 1989;
Pidek, 2017). However, their PAR values do not provide ﬁrm evi-
dence of their occurrence (Pidek et al., 2010). At the beginning, the
population of Ulmus decreased and later stabilised (0.8e2.2%). A
similar pattern was detected for F. excelsior, C. avellana, and
T. cordata. Furthermore, H. helix probably retreated. The increasing
values of herb pollen might have been a result of the spread of
Cichorioideae and Apiaceae representatives on the surface of the
rich fen. Salix was still an important component of shrub commu-
nities on the fen surface and its outskirts. The ﬁre activity was
relatively low but might have been slightly higher (increase in
CHARmicro and CHARmacro) in the younger part of this subphase
from ca. 3560 cal. BP; however, it might be a result of the very low
ARdeposits (hiatus) in the section of ca. 4940e3550 cal. BP. This
corresponds with the lowest reconstructed ﬁre frequency values
(<1 event/1000 years; Fig. 7).
4.2.5. Phase V Abies-Fagus; ca. 2690e1280 cal. BP
About 2690e2030 cal. BP (subphase Va), the population of
P. abies gradually withdrew from the site, as evidenced by
decreasing percentages (from 18 to 4.4%), but PAR values still re-
ﬂected its forest dominance (120e2030 grains cm2 yr1). A. alba
reached an optimum proportion in the forest (19e35%), whereas
F. sylvatica probably became the second important forest compo-
nent (8.6e14%; Huntley and Birks, 1983; Woods and Davis, 1989).
However, PAR values of F. sylvatica tentatively conﬁrm this infer-
ence (Fig. 6). Ulmus, F. excelsior, and Tilia became more scattered
forest elements. Similarly, Salix was less frequent in the fen area.
P. sylvestris (3.2e8%) and Betula (5e10.6%) occurred in more open
forest stands or forest gaps. The open habitats might have been
temporarily adjusted by humans for agricultural and pastoral ac-
tivities, which was marked by a more regular presence of Cerealia t.
and Plantago lanceolata pollen grains. During the ﬁrst stage of
subphase Vb (ca. 2030e1280 cal. BP), the population of F. sylvatica
reached an optimum in local forests (maximum 32%); however,
from ca. 1710 cal. BP, it started to decline gradually. Nonetheless,
PAR values revealed quite the opposite trend showing that the
population of F. sylvatica reached an optimum in the forest during
the younger part of subphase Vb. The expansion of F. sylvatica
progressed along with the constant retreat of A. alba (13e28%),
which was still codominant in the forest. Local ﬁre activity probably
slightly increased which was indicated by an increase in the
CHARmacro values from ca. 1820 cal. BP. This was preceded by a
distinct increase in the percentages of spores of K. deusta
(maximum 26%; ca. 1840 cal. BP), which suggests that the local
fungal outbreak initiated and/or supported an increase in ﬁre ac-
tivity. The regular presence of cereal pollen, among which S. cereale
was detected, from ca. 1510 cal. BP shows a potential increase in
local human activity, which might be the cause of the gradual
decline in the population of F. sylvatica in the younger part of the
subphase. P. abies, even if showed relatively low pollen percentages
(2.7e7.4%), was probably an important forest component, if looking
at the PAR values (170e1930 grains cm2 yr1; Hicks and Sunnari,
2005). P. sylvestris and Betula probably maintained their pop-
ulations at a similar level to the previous subphase. The ﬁre fre-
quency during this zone ranged between 1 and 3 events/1000 years
with 4 signiﬁcant ﬁre events recorded.
4.2.6. Phase VI NAP; ca. 370e-64 cal. BP
This phase represents the topmost minerogenic sediments
when meadow communities developed on the surface of the fen.
This is reﬂected in the high percentages of NAP (41e77%), among
which the representatives of Poaceae (12e36%), Cichoriaceae
(4.6e23%), Apiaceae (0.4e2.3%), Brassicaceae (0e1.5%), P. lanceolata
(0.8e7%), Ranunculus acris t. (0.8e7.6%), and Rumex acetosa/acetosella t. (0.9e2.5%) revealed the highest values. The proximity
of cultivated ﬁelds was highlighted by the optimum of Cerealia t.
(0.9e7.6%), S. cereale (0.6e2.5%), and C. cyanus t. (0e1.8%). Ruderal
communities were indicated by a regular presence of Scleranthus
perennis (0e2.7%), whereas the presence of pasturelands in the
fen’s vicinity and/or increased pastoral activity directly on the fen’s
surface was indicated by the increased percentages of coprophilous
fungi (0.9e7.1%). This group of fungi was represented by a broad set
of taxa: Sordaria t. (HdV-55A), Cercophora t. (HdV-112), Sporormiella
(HdV-113), Apiosordaria t. (HdV-169), C. lignaria (HdV-172), and
Podospora t. (HdV-368) (van Geel and Aptroot, 2006; Baker et al.,
2013). The phase was characterised by very high ﬁre activity as
reﬂected by the values of CHARmicro (27,640e262,720 ch. p.
cm2 yr1), CHARmacro (100e500 mm: 0e217 ch. p. cm2 yr1,
>500 mm: 0e7.7 ch. p. cm2 yr1), and the regular presence of
particles >1 mm in size. The ﬁre frequency revealed an increasing
trend from 2 to 3.5 events/1000 years.
4.3. Fireeplantsepathogens relationships
Selected GAMs, in which the strongest relationships between
pollen taxa and CHARmicro were identiﬁed, are presented in Fig. 8,
other GAMs and model parameters are included in Supplementary
Data 2. GAM revealed a different pattern in the data (percentages
and rate of accumulation). In general, in both cases, the models are
the most reliable when the CHARmicro values range between 0 and
7000 ch. p. cm2 yr1 (Fig. 8). The relationship between pollen
percentages and CHARmicro values revealed many responses: (i)
positive quasi-linear (Populus), (ii) negative quasi-linear (P. abies,
F. excelsior, H. helix, and P. aquilinum), (iii) logarithmic increase
(P. sylvestris t., B. alba t., and Ulmus), (iv) exponential decrease
(A. alba, F. sylvatica, C. betulus, Quercus, Acer, and A. glutinosa t.), and
(v) unimodal (C. avellana and T. cordata t.). In the case of the PAR
and CHARmicro values, GAM revealed mostly unimodal relation in
most of the cases, i.e. different from the percentages versus
CHARmicro relationships. Among taxa reﬂecting such type of rela-
tionship were Quercus, P. abies, F. excelsior, P. sylvestris t., B. alba t.,
Ulmus, A. glutinosa t., and Hedera helix (Supplementary Data 2).
Other PAR to CHARmicro relationships were also reﬂected by (i)
quasi-linear decline (A. alba, F. sylvatica, C. betulus, Acer, and
P. aquilinum), (ii) quasi-linear increase (Salix), and (iii) bimodal
(Populus).
Results of TITAN revealed that Quercus, F. excelsior, P. abies,
C. avellana, T. cordata t., and A. glutinosa t. showed the strongest
negative response (ze) to ﬁre (expressed by CHARmicro) (Fig. 9). The
threshold values of CHARmicro, with respect to signiﬁcant changes
in the patterns in taxa, were identiﬁed at the level of ca. >3500 ch.
p. cm2 yr1. F. sylvatica, Acer, C. betulus, A. alba, T. baccata, and
H. helix also reﬂected a negative ﬁre effect, and the most signiﬁcant
for values ca. <2000 ch. p. cm2 yr1, but with a lower strength of
the impact. P. aquilinum, which is considered the indicator species
of forest clearance (Marrs and Watt, 2006), also revealed the
negative feedback to ﬁre. Among the taxa that demonstrated the
positive feedback (zþ) to CHARmicro were Ulmus, P. sylvestris t.,
Betula alba t., Sorbus group (the weakest effect), and Populus. The
most unexpected constituent of this group was Ulmus, which is a
ﬁre-intolerant taxon (Tinner et al., 2000), but in our study, it re-
ﬂected the strongest positive feedback to ﬁre when values of
CHARmicro were ca. 1000 ch. p. cm2 yr1 (i.e. the lowest within the
entire group).
The results of NMDS (Fig. 10) were comparable to those of GAM
and TITAN. The most signiﬁcant variables were CHARmicro
(p ¼ 0.001) and K. deusta with cultivated land indicators
(p ¼ 0.009). Groups of P. sylvestris t., B. alba t., Ulmus, and Populus
reﬂecting the Early Holocene woodlands positively correlated to
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fungi were not correlated with the values of CHARmicro and with
each other, which shows the insigniﬁcant ﬁreeagricultureepasture
linkage during the period of ca. 10,730e1280 cal. BP. P. abies,
C. avellana, T. cordata t., F. excelsior, and Quercus were more asso-
ciated with coprophilous fungi and do not correspond to CHARmicro.
The presence of cultivated land taxa was the most correlated with
the increased presence of K. deusta (tree pathogen, the signiﬁcance
of variable p ¼ 0.004). F. sylvatica, A. alba, C. betulus, and Sambucus
nigra/racemosawere linked to the presence of K. deusta. The results
of NMDS based on the PAR were characterised by a more negative
correspondence between coprophilous fungi, K. deusta, cultivated
land plants, and CHARmicro. Most of the taxa did not change or
changed their position only slightly. The most signiﬁcant variables
were CHARmicro (p ¼ 0.001) and cultivated land indicators
(p ¼ 0.002).5. Discussion
5.1. Problematic palaeoecological archive
5.1.1. Pollen accumulation rates versus percentages e two different
views on the same story
Percentage and PAR data, if combined together, reveal some
inconsistencies related to the interpretation of population density
of particular taxa (Fig. 6). This is especially seen at (i) ca.
10,730e9680 cal. BP when Betulawas codominant and PAR reﬂects
the more prominent population in comparison with the percent-
ages, (ii) ca. 10,730e1280 cal. BP when PARP. abies indicated the
presence of dense forests in contrast to percentages showing
mostly the local presence of P. abies, (iii) ca. 5730e2690 cal. BP
when percentages show the local presence of F. sylvatica, whereas
PARF. sylvatica points to the lack of F. sylvatica in the forest within the
radius of 2 km, and (iv) ca. 4940e3550 cal. BP when T. cordatawas
present in situ according to the percentages, whereas PAR failed to
indicate it. A. alba showed similar results as F. sylvatica, whose
percentages indicated its higher frequency in comparisonwith PAR.
The ﬁrst two examples might have been caused by the differences
in the climate of places from where the B-B palaeorecord and PAR
calibration dataset (Hicks and Sunnari, 2005) were retrieved, i.e.
southern Poland and northern Finland. Among the factors that may
positively inﬂuence the pollen productivity are as follows: (i)
weather during the former year and a year of pollen production
(van der Knaap et al., 2010), (ii) nutrient availability (Phoenix et al.,
2012), (iii) forest age (Matthias et al., 2012), and (iv) light pene-
tration through the canopy (Baker et al., 2016). Hence, in the case of
Central Europe, PAR thresholds retrieved from northern Finland
seems to be better suited for colder periods, stands characterised by
poor development of soil and poor availability of the nutrients,
when pollen productivity was lower, as Late Weichselian (e.g.
Kołaczek et al., 2015). In the B-B proﬁle, the discrepancies between
PAR and percentage data of T. cordata t., F. sylvatica (cases iii and iv)
and, to a lesser degree, of A. alba are seen in the sections with
sedimentary gaps (with strong declines in the accumulation rate;
Fig. 6). Even though the age-depth modelling based on densely
dated deposits enabled the detection of hiatuses, it cannot provide
full information about the exact loss of deposit and speciﬁc time
interval that is not represented in such section. Therefore, any in-
ferences from accumulation rates calculated for such sections are
encumbered by high uncertainties. The strong declines inFig. 8. Taxa response curves illustrating the relationships between percentages and accumu
(GAM). The taxa which model of response have signiﬁcance at the level p < 0.05 were marked
Supplementary Data 2. Abbreviation: t. e type. (For interpretation of the references to coloaccumulation rates of proxy data related to declines in deposits’
accumulation rate were also distinct in other studies (e.g.
Lamentowicz et al., 2015; Kołaczek et al., 2018). Nonetheless, the
data regarding the accumulation rates, if calculated independently
from each other, mayminimise the bias toward the strong increases
of single pollen taxa (e.g. due to the presence of anthers in the
investigated deposit samples) as it may appear in case of percent-
age data. So then juxtaposing both type of data may improve the
inferences drawn from palaeoecological research.5.1.2. Climate changes and anthropogenic disturbances “recorded”
in hiatuses
Both sections of the peat core with sediment gaps, which
inﬂuenced PAR data, (i) ca. 9500e7690 cal. BP and (ii) ca.
4940e3550 cal. BP, seem to be connected with global climate
changes. The ﬁrst one overlaps two events of the increased pres-
ence of drifted ice in the North Atlantic at ca.9.4 and 8.2 ka. BP
(Bond et al., 1997, 2001) and global cold period 8.6e8.0 ka. BP
(Wanner et al., 2011) or a global period of rapid climate changes
(RCC) ca. 9000e8000 cal. BP (Mayewski et al., 2004). In general, in
the Beskid Makowski Mountains and adjacent Beskid Wyspowy
Mountains, mineral layers of similar age to the gap(s) at B-B site
were also identiﬁed (Margielewski, 2006, 2018). This suggests that
increased erosionwas not only a site-speciﬁc event. The presence of
representatives of Callitriche sp. and Potamogeton sp. (ca.
9070e7520 cal. BP) indicates wetter conditions on the B-B fen and
at least temporal stagnation of water during the most of the silt
deposition period (Fig. 7). The climate-environmental changes
related to the 8.2 ka. BP event might have been driving forces for
erosion. This event is regarded as the largest abrupt climate change
event of the Holocene (e.g. Alley et al., 1997). In Central-Western
Europe, higher water level, as a result of wetter conditions, was
parallel to this event and/or in a broader context to the 8.6e8.0 ka.
BP cold period (Magny, 2004). Moreover, cooler spring and
increased availability of moisture were detected during that period
(Tinner and Lotter, 2001). In the Eastern Carpathians, dry summers
with cold winters characterised this event (Schnitchen et al., 2006;
Feurdean et al., 2008a,b), whereas in the Southern Carpathians,
decreased temperatures in the growing season, frequent summer
droughts, and associated recurrent ﬁre events were recorded (Pal
et al., 2016, 2018). Toth et al. (2015) recognised a decline in mean
July temperatures during ca. 8700e8500 cal. BP. Hajkova et al.
(2016) showed that this decline had a longer duration that span-
ned the period of ca. 8700e8000 cal. BP in the western part of the
Eastern Carpathians. In the White Carpathian Mountains (south-
western part of the Western Carpathians), a steep increase in the
rainfall at ca. 8500 cal. BP was preceded by cold and dry events,
which was evidenced in the form of calcareous tufa deposits
(Dabkowski et al., 2019).
The probable depositional gap(s) at ca. 4940e3550 cal. BP in the
B-B deposits overlap (i) 4.2 ka. BP event, (ii) 4.8e4.5 ka. BP (Wanner
et al., 2011), and (iii) 4200e3800 cal. BP (Mayewski et al., 2004)
(Fig. 7). This layer is not distinctly marked by the presence of the
mineral horizon in peat; however, from ca. 4300 cal. BP until
1790 cal. BP the constant presence of C. palustris t. pollen was
identiﬁed indicating wetter conditions at least temporarily on the
B-B fen. During the period of ca. 4940e3550 cal. BP (hiatus(es) in B-
B) several mineral or illuvial horizons in peat were found in the
Beskid Makowski and Beskid Wyspowy Mountains (Margielewski,
2006, 2018), which may conﬁrm some increases in humiditylation rates of selected pollen and spore taxa and CHARmicro e General Additive Models
in red. The grey area shows 95% conﬁdence intervals. For detailed GAM parameters see
ur in this ﬁgure legend, the reader is referred to the Web version of this article.)
Fig. 9. Critical transition in pollen taxa composition in relation to microcharcoal accumulation rate (CHARmicro) e TITAN analysis. A e Pollen taxa composition change along
CHARmicro gradient (purity >99%, p < 0.05 in >99% bootstraps) showing 5% and 95% bootstrap percentiles; dot colours show the species that either increase (zþ) or decrease (z-) in
abundance along the CHARmicro gradient. B e TITAN sum(z) and sum(zþ) values along the gradient. Abbreviation: t. e type. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web version of this article.)
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intensive slope processes, like surface outwash, and furtherly to the
loss of deposits accumulated in the B-B landslide. This layer in theB-B proﬁle represents the period simultaneous to the one charac-
terised by lower temperatures in summer and high water table
(maximum ca. 4200 cal. BP) at ca. 4500e3150 cal. BP in the Rodna
P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 10613716
P. Kołaczek et al. / Quaternary Science Reviews 229 (2020) 106137 17Mountains (1360 m a.s.l., Eastern Carpathians; Gałka et al., 2016;
Diaconu et al., 2017; Panait et al., 2017). Wet conditions between
4000 and 3550 cal BP were documented in the Valea Morii spring-
fed fen ecosystem (NW Romania, 640 m a.s.l., Gałka et al., 2018).
Furthermore, in the Eastern Carpathians, in the Dniester River
valley, traces of increased ﬂuvial activity were detected at ca.
4000e3900 cal. BP (Kołaczek et al., 2017), whereas higher water
level in the lakes was reconstructed for the period of ca.
4150e3950 cal. BP in Central-Western Europe (Magny, 2004).
Hiatus at ca. 1280e370 cal. BP, marked by a distinct boundary
between peat and sandy clayey silt in the B-B proﬁle, was probably
induced by enhanced human activity and reinforced by climate
changes, as this gap covers Little Ice Age (LIA). LIAwas characterised
generally by colder and wetter climatic conditions in Central and
Western Europe (Büntgen et al., 2011; Wanner et al., 2011). The
topmost mineral layer revealed the biggest concentration of micro-
and macrocharcoal particles and coprophilous fungi, which in-
dicates an important role of ﬁre and pastoral activity as a factor
responsible for the deposition of this layer. A rapid retreat of forest
communities with increasing frequency of pollen indicators of
cultivated land and ruderal habitats suggest human activity as the
main factor of ﬁre-induced deforestations. It is not possible to
assess the beginning of these catastrophic deforestations because
the thickness of peat, which probably was eroded or disrupted
during the intensiﬁcation of slope processes, is unknown. However,
these human-induced ﬁre deforestations might be ascribed, with
high probability, to the waves of the Wallachian migrations. These
shepherd groups came from Balkan Peninsula and colonised the
area of the BeskidMakowskiMountains during the 16th century AD
(450e350 cal. BP) in search for pastures for their goat, sheep, and
cattle ﬂocks. Even though there are no written sources conﬁrming
their presence directly at the B-B site, it is highly probable that they
were present in that area (Sadowski, 2003; Jawor, 2016b). The
Wallachiansmassively destroyed primaeval forest also by the use of
ﬁre (http://www.beskidmaly.pl, Access: December 12, 2019). The
rich fens that developed in the Polish Western Carpathians are
frequently characterised by a strong decline of accumulation rate of
deposits or hiatus(es) in the topmost sections of deposits, at the
contact between peat and mineral deposits (Margielewski, 2006,
2018; Margielewski et al., 2010a, 2011; Michczynski et al., 2013;
Bucała et al., 2014; Czerwinski et al., in press). The activity of
Wallachians was also recorded as an increase in the concentration
of microcharcoal particles in peatland from AD 1550 (400 cal. BP) in
the Slovenske Rudohorie Mountains (southern Slovakia) but
without traces of a decline in the accumulation rate of deposits
(Wiezik et al., 2019). Kapustova et al. (2018) claimed that the
geomorphological impact of the Wallachian-induced de-
forestations, land use policy, and climatic deterioration of LIA,
caused increased runoff, accelerated sheet erosion, and the delivery
of minerogenic deposits to sedimentary sinks such as peat bogs and
ﬂoodplains. Using the example of the Moravskoslezske Beskydy
Mountains (Western Carpathians), Wistuba et al. (2018) showed
that Wallachians may have signiﬁcantly affected land relief and
peat deposition. On the basis of our results, it would be far-fetched
to draw conclusions about the impact of Wallachians and their
settlement on the land relief. Nonetheless, it is noteworthy that the
topmost mineral cover is the thickest among mineral insertions in
peat from the beginning of the fen functioning, and that the fen still
cannot return to the baseline conditions for the accumulation of
peat.Fig. 10. Non-metric Multidimensional Scaling (NMDS) scattered plot reﬂecting relationship
ferns. Abbreviations: Copr. fungi e coprophilous fungi, Cultiv. land e cultivated land taxa, S5.2. Fire activity and the retreat of the Early Holocene boreal forests
(PinusePiceadBetulaeUlmus)
The woodland communities dominated by P. sylvestris, Betula
sp., P. abies, and Ulmus sp., with an admixture of Populus, were
present during the Early Holocene and were characterised by high
ﬁre activity. In the nearest sites, in the Beskid Makowski Mountains
(650e740 m a.s.l.), a major retreat of woodlands dominated by
Pinus sp. and Betula sp. occurred between 10,500 and 9000 cal. BP
(Margielewski, 2006). Unfortunately, there is no data about the
effect of ﬁre on the long-term functioning of this type of forests in
the Polish Western Carpathians. In the Vihorlat Mountains (Eastern
Carpathians, eastern Slovakia; 820 m a.s.l.), a distinct decline of
Pinus occurred together with the expansion of Ulmus (11,650 cal.
BP), and then the gradual decline in Pinus progressed until ca. 9700
cal. BP alongwith the expansion of C. avellana (Hajkova et al., 2016).
Similar to B-B site, the period before the expansion of C avellana
was characterised by high ﬁre activity (CHARmicro). The falling of
leaves and the accumulation of humus aided C. avellana in its
competition with P. sylvestris, whose seedlings do not thrive when
they are covered by leaves (Tallantire, 2002). In the Transylvanian
Plain (239 m a.s.l., north-western Romania), the decline of
P. sylvestris progressed along with the increase in ﬁre activity from
ca.11,000 cal. BP. Similarly, in Sumava National Park (north-western
Czech Republic; 1079 m a.s.l.), the retreat of Pinus sylvestris/mugo
progressed along with the increasing ﬁre frequency; however, the
highest value of CHARmicro was detected during the Pinus sylvestris/
mugo optimum (Carter et al., 2018). In summary, it seems that the
expansion of C. avellana was a detrimental factor for pineebirch
forests in the lower montane zone at the B-B site, which in
consequence led to decline in ﬁre activity.
The B-B site revealed positive correspondence between Ulmus
and high ﬁre activity (Figs. 8e10). U. glabra was the most probable
species present on this site, because nowadays it is the most
widespread elm species seen in the Polish Western Carpathians
(Mirek, 2013). Based on the palaeobotanical data, Tinner et al.
(2000) qualiﬁed Ulmus glabra to the group of taxa sensitive to
medium and high ﬁre activity. As the study on the oldest part of the
B-B proﬁle revealed, the expansion of Ulmus was possible despite
the constant presence of P. abies and P. sylvestris at the B-B site
(Kołaczek et al., 2017). Ulmus probably was only slightly affected by
ﬁre because it occurred in wetter habitats, whereas P. sylvestris
occupied drier ones, which were more affected by ﬁre. Despite the
fragility of the young specimens, the thicker bark of older U. glabra
trees can offer more protection against ﬁre (Thomas et al., 2018
after Stipes and Campana, 1981), so the age structure of elm pop-
ulation might have supported its maintenance under high ﬁre ac-
tivity. Similar Early Holocene relationship between elm and ﬁre
activity was identiﬁed in the following cases: (i) Transylvanian
Plains ca. 11,500e9000 cal. BP (239 m a.s.l., Feurdean et al., 2013),
(ii) the Vihorlat Mountains (Eastern Carpathians) ca.
11,500e9700 cal. BP (820 m a.s.l.; Hajkova et al., 2016), and in (iii)
the Dniester River valley in western Ukraine ca. 11,160e10,340 cal.
BP (ca. 226 m a.s.l.; Kołaczek et al., 2018). Feurdean et al. (2013)
suggested that Ulmus expanded at the time of increasing ﬁre ac-
tivity but reached dominance when ﬁre activity was low. Unfor-
tunately, the lack of macrocharcoal data from the beginning of the
expansion of Ulmus at the B-B site (Kołaczek et al., 2017) and other
reference sites from the north-western Carpathians limited our
interpretation of this relationship at this moment.s between ﬁre, human impact, parasitic fungi and selected forest arboreal plants and
.nigra/rac. e Sambucus nigra/racemosa, t. e type.
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The pollen data revealed that a period between 7650 and
7270 cal. BP was characterised by the most prominent occurrence
of T. cordata at the B-B site. It was concurrent to a substantial
decline in the population of P. abies (but not seen in PARP. abies
values). Moreover, this optimum occurred simultaneously to the
increasing local ﬁre frequency (from 3 to 6 events/1000 years),
whereas regional ﬁre activity (inferred from CHARmicro) ﬂuctuated
at that time. Such short-term expansions of T. cordata in the lower
montane forest were asynchronous and stimulated by different
factors. For instance, Czerwinski et al. (in press) identiﬁed it at ca.
4100 cal. BP and the expansion of T. cordata was linked to the low
ﬁre activity (CHARmicro). Tinner et al. (2000) listed T. cordata among
taxa negatively reacting to medium and high ﬁre activity. On the
other hand, C. avellanawas classiﬁed as a species whose abundance
is favoured by ﬁre activity and the seeds of which sprouts well after
the ﬁre (Tinner et al., 2000; Finsinger et al., 2006). Our study
revealed that C. avellana reacted positively to ﬁre, up to a certain
limit (Figs. 8 and 9). At the B-B site, regular but not severe ﬁres
might have played an important role in providing forest gaps
resulting in better recruitment of lime seedlings. The seedlings,
even if shade-tolerant, require more light in the early years of their
life for a successful regeneration (Pigott, 1991). At the northern
border of T. cordata range, which might be considered an analogue
for an altitudinal limit in the mountainous areas for this species, T.
cordata is considered shade-intolerant due to the difﬁculty in sur-
viving under the dense canopy of P. abies (Sepp€a et al., 2009). The
light requirement of T. cordata increases with age, and when the
stands are well established, it reacts positively to a gradual opening
in the canopy (Kulagin and Shayakhmetov, 2007; De Jaegere et al.,
2016). Therefore, ﬁres of low severity may support the competi-
tiveness of T. cordata.
Another factor that may contribute to the local dominance of
T. cordata is fungal infections. Latałowa et al. (2013) suggested that
infection by K. deusta stimulated the vigorous vegetative develop-
ment of T. cordata. There is also an example of a correspondence
between K. deusta and T. cordata from the White Carpathians
(Western Carpathians, Hajek et al., 2016). Nonetheless, the B-B
palaeorecord revealed a negative correlation between T. cordata
and K. deusta (Fig. 10). The production and germination of K. deusta
ascospores require warm climatic conditions between October and
March (minimum 10 C;Wilkins, 1938). Hence, the optimum of this
fungus at ca. 6970e6820 cal. BP at the B-B site, may not only reﬂect
the level of pathogenic infection but also indicates milder
autumnewinter temperatures. Nonetheless, this interpretation of
the presence of K. deusta is weakly applicable in this case because
mild winters stay in contradiction to the demands of P. abies, a
dominant forest constituent. Colder winters with increasing
snowfall have been suggested as the predominant climatic factor
that inﬂuenced the expansion of P. abies (Bradshaw et al., 2000;
Sepp€a et al., 2005).
5.4. A. alba eF. sylvatica forest expansion
The expansion of A. alba at ca. 4420 cal. BP was related to the
temporal inundations of the B-B fen, and this species dominated
with P. abies in the local forest until 2690 cal. BP. In the North-
Western Carpathians, both species prefer fresh-to-wet soils with
a distinct content of organic matter (Jaworski and Zarzycki, 1983).
The expansion of silver ﬁr was simultaneous with an increase in the
water table on the fen and tentatively connected with global cli-
matic changes (subchapter 5.1; Fig. 7). The penetration of a well-
established spruce forest by A. alba might have been stimulated
by a slight increase in human activity, as reﬂected by the presenceof single cereal pollen. Margielewski et al. (2010b, 2011) suggested
that during periods of disadvantageous environmental conditions,
people occupying mountain valleys might have migrated upward
and ﬂattened the areas of landslides to support agricultural activity.
Kozakova et al. (2011) revealed that the expansion of A. alba in the
area of Czech Republic took place after some heavier human
impact. This species is known as ﬁre-intolerant (Tinner et al., 2000,
Tinner et al., 2013), which is also seen in the summary results of our
study (Figs. 8 and 9). The ﬁre frequency during the expansion of
A. alba was identiﬁed as 3e4 events/1000 years (excluding the
sectionwith hiatus) with a slightly increasing trend in (palaeo-) ﬁre
activity over time (Figs. 3 and 7). Similar ﬁre regime parameters
have been reconstructed before ca. 4900 cal. BP (below the hia-
tus(es) section) when A. alba probably appeared in the B-B site
vicinity, so probably ﬁre frequency did not inﬂuence its expansion.
Martin and Marks (2006) demonstrated, using the example of Acer
pseudoplatanum, that shade-tolerant tree species, such as A. alba
(Ellenberg and Leuschner, 2010), can easily colonise dense, intact
resident forests; however, the rate of such invasion is suppressed.
The presence of P. abies stands may have facilitated the expansion
of A. alba. A positive effect of Norway spruce on the regeneration of
silver ﬁr in ﬁrespruceebeech stands in southern Poland was
observed (Paluch and Jastrze˛bski, 2013; Dobrowolska et al., 2017).
A. alba seeds germinate better and seedling survival is higher on
moder (mor) humus (Dobrowolska et al., 2017), whose establish-
ment was an effect of a long-term dominance of P. abies. Climatic
changes might also have inﬂuenced the expansion of A. alba. Even if
it is not a rule, numerous sites in the Polish Western Carpathians
and in other Carpathian regions showed the expansion of silver ﬁr
simultaneous to the 4.2 ka. BP event (Feurdean and Willis, 2008;
Czerwinski et al., in press), reported mostly as cool and wet period
(Magny, 2004; Diaconu et al., 2017). At that time, the B-B fen
revealed the presence of wetter conditions which lasted until ca.
1790 cal. BP (Fig. 7). A. alba is relatively resistant to wind, snow, and
ice storms if compared to other dominant tree species such as
P. abies (Dobrowolska et al., 2017). Hence, the increased frequency
and/or severity of catastrophic events related to global climatic
changes might have contributed to the selective P. abies tree fells.
Small-scale disturbances are essential for the regeneration of silver
ﬁr stands in Central Europe (Dobrowolska and Veblen, 2008;
Kucbel et al., 2010). Concurrently, A. alba is less drought-sensitive
and more competitive than F. sylvatica and P. abies (van der
Maaten-Theunissen et al., 2013; Tinner et al., 2013). Silver ﬁr, be-
ing a very palatable food source inwinter, is particularly sensitive to
ungulate grazing, which leads to recruitment failure (Tinner et al.,
2013; Orman et al., 2018). This might be visible in the results of
NMDS that revealed a clear negative correlation between A. alba
and coprophilous fungi (Fig. 10); however, it is not clearly pointed
out by the raw data itself (Fig. 3). Finally, the appearance of forest
gaps, also these of ﬁre origin, probably stimulated the expansion of
A. alba and the simultaneous decreases in ungulate browsingmight
have supported this process. Because the ecological niche of A. alba
is not fully recognised (Tinner et al., 2013), it is safer to assume that
other factors might have also been responsible for this expansion.
A challenging issue seems to be an explanation of the expansion
of F. sylvatica that remained a scattered forest component for three
millennia until ca. 2690 cal. BP and then it probably limited the
occurrence of P. abies (Figs. 3, 5 and 6). The expansion of F. sylvatica
was delayed in comparison with A. alba by ca. 1700 years. Both
species expanded together in the Polish Western Carpathians, but
some time-lags in their appearance were also identiﬁed in other
palaeorecords (Czerwinski et al., in press). The competitionwith co-
occurring F. sylvatica is among the most selective factors for P. abies
growth (Modrzynski, 2007 and references therein). However, ﬁr,
spruce, and beech may coexist without having a signiﬁcant
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Stancioiu and O’Hara, 2006). A higher proportion of beech trees in
forest stands can lessen the silver ﬁr regeneration ability in the
Western Carpathians (Janík et al., 2014). This might be seen from ca.
2030 cal. BP when F. sylvatica probably contributed to a decline in
the population of A. alba (Fig. 3). The chronological agreement of
F. sylvatica expansion with climatic event 2.8 ka. BP or in a broader
context with the global cold event 3.3e2.5 ka. BP (Wanner et al.,
2011) is a striking ﬁnding. One of the driving forces of the 2.8 ka.
BP event was the Homeric Solar Minimum that occurred between
ca. 2750 and 2550 cal. BP (van Geel et al., 1999). The minimumwas
characterised by cooling and an increase in wind strength and
climate humidity in Western Europe (Martin-Puertas et al., 2012;
Engels et al., 2016). As mentioned before, on the B-B fen, rather wet
conditions prevailed until ca. 1790 cal. BP (Fig. 7). In the Polish
Western Carpathians, mineral horizons in peat suggest stronger
runoff at that time (Margielewski, 2006). Cold and wet conditions
were identiﬁed in the White Carpathians (southern part of the
Western Carpathians) at ca. 2800 cal. BP (Dabkowski et al., 2019). In
the Eastern Carpathians, the short phase between ca. 3390 and
3030 cal. BP was terminated by a major increase in water tables,
culminating at 2725 cal. BP in the Maramures¸ Mountains (north-
western Romania; Schnitchen et al., 2006). The wet stage was
identiﬁed in the period of ca. 3550e2450 cal. BP in the Feleac Hills
(Transylvanian Depression) in north-western Romania (Gałka et al.,
2018). However, a dry stage during ca. 2750e1300 cal. BP and
warmer July temperatures during ca. 3150e1550 cal. BP were
identiﬁed in the Rodna Mountains (northern Romania; Diaconu
et al., 2017). Palaeorecords from Central and Western European
lakes revealed higher water levels (Magny, 2004, Fig. 7). At the B-B
site, the expansion of F. sylvatica is related to more regular, but not
intensive, agricultural activity and a slight increase in ﬁre activity
(CHARmicro) but without changes in the ﬁre frequency (Fig. 7).
Similar to previous studies (e.g. Carter et al., 2018; Rey et al., 2018),
our study revealed a clear negative correlation between F. sylvatica
and the increase in ﬁre activity (Figs. 8e10). As mentioned before,
periods of high humidity during the Bronze/Iron age may have
forced people to penetrate higher elevations, which in consequence
contributed to the appearance of forest gaps. These gaps were later
colonised by pioneer trees such as Betula (an increase in pollen
values) and probably re-colonised by F. sylvatica (Fig. 3). The studies
on modern autecology suggest that F. sylvatica starts to regenerate
soon after ﬁre disturbance (Ascoli et al. 2013, 2015; Maringer et al.,
2016). European beech life-history traits seem to be compatible
with low-frequency ﬁre regimes (e.g., FRI >50 years) and ﬁre events
of low to moderate intensity. Single ﬁre event preceding mast year
may support beech regeneration in old-growth forests, inducing
canopy mortality and partially litter removing, which in turn en-
hances seed-bed receptivity (Ascoli et al., 2013). Ascoli et al. (2015)
revealed that under intermediate and low severity ﬁres, the pro-
duction of seeds is similar to unburnt sites, whereas the germina-
tion of seeds and the emergence of seedlings is higher. The
tendency of F. sylvatica to expand on abandoned farmlands and/or
on postﬁre areas have been recorded in different places across
Europe (Ralska-Jasiewiczowa et al., 2003; Bradshaw and Lindbladh,
2005; Bradshaw et al., 2010; Feurdean et al., 2017b). Nonetheless, it
must be stressed that increasing ﬁre activity, above certain levels, is
a detrimental factor for the expansion of F. sylvatica, which was
revealed in this study as well (Figs. 8 and 9).
During the maximum of F. sylvatica percentages in the B-B
proﬁle, the second maximum of K. deusta percentages was recor-
ded. K. deusta is strongly invasive and favours beech wood, espe-
cially after wounding (Deﬂorio et al., 2008). A temporal decline in
the population of beech during this fungus maximum was detec-
ted; however, there were no dramatic changes in the beechpopulation (Fig. 3). An increased human activity, especially
coppicing, might have been one of the agents contributing to the
expansion of K. deusta, as it has been suggested by other studies
from Central Europe (Karpinska-Kołaczek et al., 2014; Szal et al.,
2015). Nonetheless, F. sylvatica is more tolerant to grazing than
other broadleaved species of trees and conifers (Packham et al.,
2012). The optimum occurrence of K. deusta, simultaneous to the
expansion of F. sylvatica, was also identiﬁed in the Western Car-
pathians (Hajkova et al., 2018; Czerwinski et al., in press) and in the
Novohradske Mountains (Bobek et al., 2018b). However, there are
palaeoecological sites within the Carpathian region, where there is
no clear association between K. deusta and beech-ﬁr forest
expansion (Margielewski et al., 2011; Hajek et al., 2016). None-
theless, deciphering the interactions between fungal infections,
human activity, climate, ﬁres, and forest functioning in theWestern
Carpathian remains an open issue that requires further
investigation.
6. Conclusions
The ﬁrst complex ﬁreevegetation reconstruction from the
northern part of the Polish Western Carpathians, conducted on the
proﬁle from the Bogdanowka-Beło (B-B) site in the Beskid
Makowski Mountains, revealed characteristic patterns in the forest
development and recognised mechanisms responsible for these
processes:
dUlmus, despite the low ﬁre resistance, seems to take advan-
tage of the climate-driven high ﬁre activity during the Early
Holocene, which is consistent with the patterns identiﬁed in the
Eastern and Southern Carpathian regions. At the B-B site, high
ﬁre activity at that timewas probably induced by the prominent
presence of P. sylvestris occupying probably drier habitats,
different than Ulmus, which probably occurred in wetter ones.
dThe retreat of P. sylvestriseBetula woodlands occurred along
with declining ﬁre activity but stable palaeoﬁre frequency (ca. 4
events/1000 years). The rapid expansion of C. avellana probably
contributed to the ﬁnal disruption of these woodlands.
dThe low magnitude of ﬁre disturbances with the increasing
frequency from 4 to 6 ﬁre events/1000 years (high in the scale of
the B-B site), supported the competitiveness of T. cordata and
C. avellana in comparison with P. abies. It is noteworthy that
T. cordata is a taxon characterised by low ﬁre resistibility.
dCooler and wetter conditions probably forced humans to
migrate to higher elevations (within lower montane zone). In
consequence, it contributed to, at least partly, ﬁre-induced de-
forestations of small extensionwhich together with appropriate
climate conditions stimulated the expansion of A. alba from ca.
4420 cal. BP and the expansion of F. sylvatica from ca. 2690 cal.
BP. The latter phenomenon seems to be linked to the climate
changes induced by the Homeric Solar Minimum. However, this
mechanism is not a rule for the expansion of F. sylvatica in the
Polish Western Carpathians. It must be highlighted that an
analysis of the entire B-B pollen proﬁle (results of GAM, NMDS,
and TITAN), revealed a negative response both of A. alba and
F. sylvatica to ﬁre activity. Nonetheless, minor ﬁre disturbances
may be a factor positively inﬂuencing themaintenance of forests
dominated by F. sylvatica and A. alba in the lower montane zone.
Our study revealed that absolute chronologies based on high-
resolution age-depth modelling enable identiﬁcation of deposi-
tional gaps, which signiﬁcantly affect the reconstruction of data
regarding accumulation rates and disrupt the perception of past
environmental processes. These gaps substantially diminished the
signal of ﬁre activity, ﬁre frequency and, at least partly, contributed
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reconstructed from pollen percentages and pollen accumulation
rates. In studied proﬁle, probable hiatuses spanned the following
time intervals: (i) ca. 9500e7690 cal. BP, (ii) ca. 4940e3550 cal. BP,
and (iii) ca. 1280e370 cal. BP. The ﬁrst two might have been direct
or indirect consequences of global climatic changes at ca. 8.2 and
4.2 ka. BP. Human destructive activity that started along with the
Wallachian colonisation (from ca. 450 to 350 cal. BP) changed the
accumulation capability of the mire, which failed to regain it.
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